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There exists a significant challenge in developing efficient magnetic tunnel junctions with low write
currents for non-volatile memory devices. With the aim of analysing potential materials for effi-
cient current-operated magnetic junctions we have developed a multi-scale methodology combining
the ab initio calculations of spin-transfer torque with large-scale time-dependent simulations using
atomistic spin dynamics. In this work we introduce our multi-scale approach including a discussion
on a number of possible mapping schemes the ab initio spin torques into the spin dynamics. We
demonstrate this methodology on a prototype Co/MgO/Co/Cu tunnel junction showing that the
spin torques are primarily acting at the interface between the Co free layer and MgO. Using spin
dynamics we then calculate the reversal switching times for the free layer and the critical voltages
and currents required for such switching. Our work provides an efficient, accurate and versatile
framework for designing novel current-operated magnetic devices, where all the materials details are
take into account.
I. INTRODUCTION
Magnetic tunnel junctions (MTJs), composed of two
epitaxially-grown ferromagnetic (FM) metal layers sepa-
rated by an insulating barrier (most often a few monolay-
ers of MgO providing a dramatic spin filtering enhance-
ment), constitute the principle unit for a multitude of
emerging technologies, in particular in Magnetic Random
Access Memory (MRAM) and Spin Torque Oscillators
(STOs)1,2. In both these cases the magnetisation dy-
namics of the free FM layer is driven by a spin-polarised
current. When the free layer magnetisation is misaligned
with that of the polarising layer under current-carrying
conditions, the exchange interaction between the itiner-
ant and localised electron spins results in a spin-transfer
torque (STT), which typically opposes the Gilbert damp-
ing torque and promotes switching3. For MRAM appli-
cations it is a significant challenge to develop MTJs with
a suitably low write current so as to ensure energy effi-
ciency and to prolong device lifetime4.
It is becoming increasingly more apparent that compu-
tational modelling can provide an initial analysis of the
viability of materials for efficient MTJs. However, only
a few studies have been able to analyse a MTJ on multi-
ple scales. Recent work has focussed on developing more
precise ab initio models of spin-transfer torque5,6, while
typical micromagnetic modelling employs Slonczewski’s
theory7 and can sometimes ignore the fine atomic de-
tails of the system. Atomistic Spin Dynamics (ASD) has
proved useful in modelling systems on a finer detail than
micromagnetics and has been developed to employ ab-
inito parameters to better describe the STT8. Still there
remains a significant gap in our modelling ability, since
to date no quantitative and materials specific transport
method has been combined with spin dynamics simula-
tors. In practice this means that we are not capable
of performing current-induced spin dynamics simulations
without making a priori assumptions on the nature and
type of the STT.
In this work we attempt to bridge this gap and we
present a multi-scale approach to modelling current-
induced magnetisation dynamics in magnetic devices us-
ing STT. At the microscopic scale a quantum trans-
port method is employed to compute an ab initio atom-
resolved STT, which is then mapped onto the Landau-
Lifshitz-Gilbert (LLG) equation of motion for atom-
istic magnetic moments to perform the magnetisation
dynamics9,10. The method is general and can be applied
to metallic and tunnelling junctions on the same footing,
including nano-scaled objects such as point contacts or
atoms on surfaces.
Our paper is structured as follows; first we will intro-
duce the computational scheme for calculating the ab ini-
tio STT and its mapping onto our atomistic spin model.
We will then demonstrate this methodology on an ex-
ample Co/MgO/Co/Cu MTJ stack. We will discuss the
bias, current and spatial dependence of the STT and how
these features influence the magnetisation switching of
the free layer, both at zero and finite temperature.
II. METHODS
Our multiscale methodology is built upon using an ab
initio method at the microscale for the electron transport
and an atomistic scale spin model to simulate the dy-
namics. In particular we utilise the Smeagol11,12 code
to model ballistic electron transport through the MTJ
under a finite bias voltage. Smeagol is an implemen-
tation of the Keldysh non-equilibrium Green function
(NEGF) approach to the steady-state open-boundary
problem within the framework of Density Functional
Theory (DFT), as implemented in the Siesta code,
which provides an efficient order-N scalling core DFT
algorithm13. Within this formalism the MTJ is modelled
as a central scattering region (SR) connected to two semi-
infinite periodic leads. As the electronic properties of the
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2latter can be determined independently from those of the
junction their action on the scattering region can be de-
scribed in terms of suitably chosen self-energy operators
acting at the SR boundaries. This effectively reduces the
original electronic structure problem for an infinite non-
periodic system to an energy dependent problem for a
finite atomic construct. The bias voltage, V , is applied
as a shift to the chemical potentials of either lead by
±V/2 and the non-equilibrium charge density of the SR
can be determined self-consistently from the associated
non-equilibrium Keldysh Green’s function.
For our calculation of the spin-transfer torque we fol-
low the approach proposed by Haney et al.14. The out-
of-equilibrium spin density, σV , is assumed to be separa-
ble into an equilibrium spin density, σ0, and a transport
correction, σtr, where such correction is much smaller in
magnitude than the equilibrium part. A transverse spin
transport contribution arises from the non-collinearity in
the open-boundary system giving rise to a STT in the
free layer. Further details of our method are given in
Ref. [15]. Here we adopt the magnetic moment version
(as opposed to working with spin variables) of the atom-
resolved STT, in which the STT acting on the a-th atom
is written as
Ta =
µB
2
∑
i∈a
∑
j
∆ij × σtrji , (1)
where ∆ij are the matrix elements of the exchange-
correlation field written over the localised atomic basis
orbitals of Siesta and µB is the Bohr magneton. Note
that while the first summation is restricted to orbitals
that belong to the atomic site a (the atom for which the
torque is calculated), the second one spans over all the
orbitals in the SR. The transport spin is calculated from
the difference between the equilibrium (V = 0) and the
non-equilibrium (V 6= 0) density matrices, ρVij , as
σtr = Tr[(ρV − ρ0)σ] , (2)
with σ being the vector of Pauli matrices.
The ab initio side of our multiscale approach is then
completed with the evaluation of the dataset {Ta (V, θ)}
of atom-resolved STTs as a function of the bias voltage,
V , and the angle, θ, between the fixed and the free layer
magnetisations. It should be noted here that the use of
a single angular parameter assumes that there is no non-
collinearity within the free layer. In some cases, when the
self-consistent calculation of the density matrix across a
range of finite-bias grid points is too involved compu-
tationally, we also utilise the linear response quantity,
namely the spin-transfer torkance (STTk), τa, that is
defined as
τa ≡ ∂Ta
∂V
=
1
2
∑
i∈a
∑
j
∆ij × Tr
[
∂ρji(V )
∂V
σ
]
V=0
. (3)
Once the spin-transfer torques, {Ta (V, θ)}, for the
given junction are obtained we can then proceed to com-
puting the current-induced magnetisation dynamics us-
ing an atomistic spin model. ASD is a semi-classical
model typically using a Heisenberg spin Hamiltonian to
describe a system of constant spin magnetic moments.
These magnetic moments are localised at atomic sites
and their dynamics is calculated from evolving discre-
tised LLG-like equations of motion. The LLG equations
for atomic spins with additional STTs are often referred
to as LLG-Slonczewski equations, whose atomistic form
reads
∂Si
∂t
= −γSi ×Hi + λSi × ∂Si
∂t
+
1
µi
Ti(V, {Si}) , (4)
where Si = µi/µi is a unit vector in the direction of the
spin magnetic moment of atom i of magnitude |µi| = µi.
Since the ab initio torque in Eq. (1) is derived as the rate
of change of the spin angular momentum it is necessary
to normalise the torque to the unit vector used in the
ASD. In Eq. (4) λ is the atomistic damping parameter
that corresponds to the Gilbert damping parameter at
the microscopic scale and
Hi(t) = − 1
µi
∂H
∂Si
+ ξi(t) (5)
is the effective magnetic field acting on spin i. The sys-
tem is kept at a finite temperature through a stochastic
time-dependent thermal field, ξi(t). In the white noise
limit this is represented as a Gaussian random number
with the following moments
〈ξia(t)〉 = 0 , (6)
〈ξia(t)ξjb(t′)〉 = 2λkBT
µsγ
δijδabδ(t− t′) , (7)
where i, j label the different atoms, a, b = x, y, z are
the Cartesian components and t, t′ is the time. In or-
der to model the dynamics of an MTJ free layer we limit
the Hamiltonian to contain only the Heisenberg exchange
and a uniaxial anisotropy term as follows
H = −
∑
ij
JijSi · Sj −
∑
i
ki(eˆani · Si)2 , (8)
where Jij is the isotropic exchange constant and ki is
the uniaxial anisotropy constant for spin i along the
axis eˆani. In general one must also consider the de-
magnetising field acting on the free layer and its contri-
bution to the anisotropy. In the following we consider
the intrinsic anisotropy to be out-of-plane (eˆani = zˆ)
and since our free layer is ultra-thin the demagnetis-
ing field can be represented as that of an infinite thin
platelet. Therefore, instead of calculating the demag-
netising field directly, which can be costly since it involves
adding long-range dipolar interaction to the spin Hamil-
tonian, we incorporate it into the uniaxial field such that
ki = ku − µ0(MsVa)2/2. Here ku is the intrinsic uniaxial
anisotropy constant, µ0 is the permeability of free space,
Ms is the saturation magnetisation and Va is the atomic
volume.
3The next step is to map the two-parameter discretised
ab initio {Ta (V, θ)} dataset onto the STT term of Eq. (4)
which is, in general, a continuous function of the angular
coordinates of the whole set of spins {Si}. Such map-
ping can be performed in several manners and here we
have implemented three different strategies. The first
is a full 2D interpolation of the dataset, i.e. for each
atom i in layer li an interpolated STT value is obtained
for the specified voltage V and the instantaneous angle
θ = acos(Si · Pˆ) between the local spin Si and the di-
rection of the fixed layer magnetisation Pˆ. In order to
simplify the calculation during the simulations a linear
interpolation is performed along V , while a cubic spline
is used for θ, since the dynamics is more sensitive to the
angular variation and only a limited set of angles are
calculated at finite voltage.
Our second mapping uses the angular dependence of
the STT derived by Slonczewski16. In this way we avoid
calculating the angular dependence of the STT at each
voltage from first principles. We note that Slonczewski’s
model is ideally valid for sufficiently wide momentum-
filtering barriers16. The torque magnitude, however, is
taken from the ab initio calculations, i.e. the bias depen-
dence of the torque is still from first principles, namely
it is interpolated out of the ab initio dataset. This semi-
functional mapping is given as
Ti(V,Si) =T||(V, li)Si × Si × Pˆ + T⊥(V, li)Si × Pˆ , (9)
where T|| and T⊥ are the parallel and perpendicular
torque magnitudes, which can be extracted at θ = 90◦.
Our final mapping utilises the torkance instead of the
finite voltage torques. In this manner a finite voltage is
simulated by assuming a linear voltage dependence and
by scaling the torkance to the desired V as follows
Ti(V,Si, li) = V
∂T(θ, li)
∂V
∣∣∣∣
V=0
. (10)
We discuss the applicability of this linear dependence
in the case of a Co/MgO-based MTJ in the following sec-
tion. The angular dependence can again be interpolated
using cubic splines, but it is also possible to also use the
Slonczewski form given in Eq. (9).
Although the STTs are extracted from ballistic trans-
port at a constant bias voltage, we have developed a
numerical scheme to utilise the ab-initio-calculated I-V
characteristics, which allows us to simulate the atomistic
spin dynamics also under constant-current conditions.
As we will show in the next section the conductance of a
CoMgO-based MTJ is found to follow the equation
g(θ, V ) =
V
J(V, θ)
= A(V ) +B(V ) cos(θ) . (11)
Our model can then compute the current as it changes
with the free layer angle and apply the torque appro-
priately for the given current and voltage. This is di-
rectly reflected in the pre-factor of the Slonczewski’s STT
equations17.
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FIG. 1. The Co/MgO MTJ stack studied in this work.
Panel (a) shows a schematic of the scattering region for the
Smeagol calculation, while panels (b) and (c) present the
atomic resolved ab initio STT at 1 V and the atomic spin
moments profiles, respectively. In (b) and (c) the first 4 Co
and last 4 Cu atoms are omitted since in the calculations these
are replaced with the semi-infinite leads.
III. RESULTS
A. Ab Initio STT in a Co-MgO MTJ
Our computational strategy is now tested for a CoFeB-
MgO based MTJ, which is probably the most studied
magnetic device today. In order to model such system
we simplify the structure to only comprise of Co atoms
in a Co/MgO(4)/Co(4)/Cu stack, where the numbers in-
dicate the number of atomic planes in each layer. Note
that the outermost layers are the semi-infinite leads as
visualised in Fig. 1(a). In our generic Co-based MTJ
both leads share a bcc lattice with a lattice parameter of
2.857 A˚. This is the lattice constant of Fe and the idea is
to mimic the highly spin-polarised conventional CoFeB
lead.
Our DFT calculations are based on the local spin-
density approximation with the Ceperley-Alder param-
eterisation of the exchange-correlation functional as im-
plemented in the Siesta code. A double-zeta numerical
atomic basis set is used for all atomic species with addi-
tional polarisation for s-orbitals of the transition metal
atoms. A Monkhorst-Pack Brillouin zone sampling is
used, based on a 20×20 real-space grid.
The magnetic moments of each layer are shown in
Fig. 1(c). As expected there is no magnetisation in MgO
and Cu, while the Co fixed layer shows moments close to
the bulk value of µCo = 1.72µB. Since the free layer is
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FIG. 2. The voltage dependence of the in-plane (open
squares) and out-of-plane (filled circle) torque, and the in-
plane torkance (solid line). The in-plane torque shows a lin-
ear behaviour up to approximately 1.4 V. Within this range
the torkance is a good approximation of the finite bias torque.
The out-of-plane torque shows a quadratic-like behaviour, for
which the zero-bias torkance is not sufficient to describe.
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FIG. 3. The resulting current density for an applied bias volt-
age in the Co/MgO/Co/Cu MTJ. The solid circles show the
current density in the anti-parallel configuration, while the
open squares show the parallel configuration. Up to approx-
imately 1 V there is a significant TMR but above this value
more current flows in the anti-parallel state and the TMR
drops. The inset shows the angular dependence of the current
density at 0.5 V, which is fitted by using J(θ) = A+B cos(θ)
(solid line).
ultra-thin the moments are larger than in the bulk with a
peak at the MgO interface. From the layer resolved cal-
culations we observe that the STT is strongly peaked at
the MgO interface, as shown in Fig. 1(b) at 1 V. Follow-
ing the sharp decay of the STT inside the Co layer, there
is a characteristic higher STT value also at the other in-
terface with the Cu lead but with an opposite sign.
Figure 2 shows the total STT acting on the free layer in
the Co-MgO MTJ as function of the applied bias voltage
for a fixed misalignment of the free layer magnetisation
of 90◦. The asymmetry of the torque with bias arises
from the asymmetry of the stack, namely the free layer
contains only 4 atomic planes, while the fixed layer in
our MTJ is semi-infinite. In both cases, however, there
is approximately a linear and a quadratic relationship
with voltage for the out-of-plane and in-plane torques,
respectively. The slope of the in-plane STT around zero
matches well our zero bias torkance from Eq. (3), there-
fore the latter approximation offers a reasonable quanti-
tative measure for the in-plane STT at low bias.
Figure 3 shows the current-voltage characteristics for
our MTJ stack in both the parallel (P) and anti-parallel
(AP) configuration. The sharp increase of the in-plane
STT above 1.4 V in Fig. 2 is due to the increase of the
conductivity in the anti-parallel configuration. This is in
turn due to the fact that the ∆1 symmetry band for the
minority spin carriers is approximately aligned to the ∆1
majority one at that bias voltage18. Intriguingly whilst
this leads to a lower TMR at high voltages the increased
electron flow appears to result in a larger in-plane torque
and in a reduction of the out-of-plane one, as can be seen
in Fig. 2. The inset to Fig. 3 shows the variation in the
current density due to the misalignment angle of the FM
layers. For nearly all the voltages simulated the current
can be modelled by using Eq. (11).
B. Switching dynamics at zero temperature
We now move our attention to the switching dynamics
based on the ab initio torques computed in the previous
section. In order to construct the spin model we require
values for the exchange constants, uniaxial anisotropy,
atomistic Gilbert damping and magnetic moments. For
the exchange we use the tabulated bulk value10 for bcc Fe,
namely Jij = 7.05× 10−21 J, which is assumed here to be
similar to that of bcc Co, whilst the magnetic moments
are taken directly from the Smeagol calculations. In or-
der to explore a wide range of current induced switching
we vary the anisotropy between 0.001 meV and 0.5 meV
which, as discussed earlier, accounts for both intrinsic
anisotropy and demagnetising field. First principles cal-
culations by Hallal et al.19 on Fe/MgO thin films found
that the anisotropy is ku ≈ 0.275 meV per atom for
a layer thickness similar to ours. For comparison the
switching field at k = 0.1 meV is Hk ≈ 1.7 T, while to
achieve a thermal stability of KV/kBTroom = 60 an area
of (36 nm)2 is required. The Gilbert damping in thin
films has been observed to vary with the layer thick-
ness and the presence of capping layers can enhance the
damping through spin pumping effects. Experimental
measurements for a Ta/CoFeB/MgO stack show damp-
ing parameters of the order λ = 0.01 for ultra-thin FM
layers20 and so here we vary the damping from 0.01 to 0.1.
The magnetisation dynamics is computed by numerically
solving Eq. (4) using the Stochastic Heun scheme10 with
a time-step of 0.1 fs. This has been tested for stability in
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FIG. 4. Magnetisation switching for a junction kept at (a)
constant voltage and (b) constant current for λ = 0.01 and
ki = 0.1 meV. At constant voltage the switching is uniform
above the critical voltage, while at constant current the torque
has an additional angular dependence given by the variation
of the conductivity (hence the voltage at constant current)
with angle.
equilibrium.
We start by investigating the voltage required to ob-
serve switching in the MTJ free layer without explicit
thermal effects. The lack of thermal effects allows us to
simulate the switching with only the basic unit cell and
periodic boundary conditions in the lateral directions.
In order to measure the switching we calculate the time
that is required for mz to pass the mz = 0 plane. We
model the dynamics of each MTJ by initiating the simu-
lation with a small deviation of the free-layer magnetisa-
tion from the −zˆ axis at different applied bias voltages.
The magnetisation switching curves are shown in Fig. 4
for (a) constant voltage and (b) constant current by using
an anisotropy of k = 0.1 meV and a damping parameter
of λ = 0.01. When the junction is kept at a constant volt-
age the switching is uniform and stable. In practice the
magnetisation of the free layer remains anti-parallel to
that of the pinned one for a long time and then switches
fast. This is expected since the torque increases as the
two magnetisation vectors become non-collinear and it is
maximised for θ = 90◦. Furthermore, it is observed that
increasing the voltage systematically shifts the transition
to lower times.
In contrast, at a constant current the torque can ini-
tially overcome the anisotropy but, as the misalignment
angle between the fixed and the free layer decreases, the
resistance of the junction also decreases. This causes the
voltage required to maintain the desired current to be re-
duced, and as a consequence also the torque is reduced.
The reduction of the torque as the magnetisation vectors
become non-collinear to each other has to be contrasted
with an increase of the anisotropy, leading to a stable
precessional state where a fine balance of the torques is
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FIG. 5. The switching time for a Co free layer as a function of
bias voltage for three values of the anisotropy and a damping
coefficient of λ = 0.1. The open points are for calculations
performed with the full interpolation, while the solid lines are
for the torkance method and the dotted ones are a guide to the
eye. The arrow indicates the difference between the torkance
and full interpolation methods for the K=0.1 meV case.
achieved. As the current is increased further the angle
of this stable point becomes larger until it reaches the
maximum of the anisotropy torque at about 45◦. Then
the full reversal occurs. Further increasing the current
reduces the reversal time and also the transition width.
Figure 5 shows the measured switching time against
the voltage calculated with the different mapping strate-
gies for three values of the anisotropy. We find that there
is no signficant difference between the full and semi in-
terpolation methods since the angular dependence of the
ab initio STT agrees well with the Slonczewski form. As
such only the full interpolation results are compared to
the torkance-based ones. For each anisotropy there is no
switching below a critical voltage and a sharp decay of
the switching time above it. Since there is a large increase
in the torque above approximately 1.4 V (see Fig. 2), the
switching time shows a consistent drop at this point. For
an anisotropy of 0.1 meV (green triangles and line) the
critical voltage lies close to this increased torque and we
find that there is a large difference between the calcula-
tions using the finite-voltage torques and those obtained
at zero-voltage with the torkance method.
The critical voltages and currents for a range
anisotropy strengths and damping coefficients are shown
in Fig. 6. The three interpolation methods discussed
earlier are shown as solid lines for the torkance, filled
points for full interpolation and open points for the semi-
functional method. Our results show that there is no sig-
nificant difference between the semi-functional and the
full interpolation method over the range simulated here.
For the full interpolation method the loss of numerical
accuracy may arise in some instances due to the poor in-
terpolation at θ close to end points, 0 and pi, if too few
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data points are available where curvature is high. Such
numerical errors lead to longitudinal torques, which ef-
fectively (due to the constrained spin length in the ASD)
reduce the net torque.
The non-linear behaviour of the critical voltage shown
in Fig. 6(a) arises simply because of the calculated volt-
age dependence of the in-plane torque, while in (b)
there is an additional effect arising from the voltage
dependence of the current. At a lower damping the
torkance matches the other methods for a wider range
of anisotropies. This is due to the fact that the critical
voltage is related to the product of the damping and the
anisotropy. When the critical voltage is below approxi-
mately 1 V, then the torque is in the linear regime, hence,
we find the torkance to agree well with the finite-voltage-
calculated torque (see Fig. 2). In high anisotropy sys-
tems, where a large switching voltage may be required,
an accurate knowledge of the STT voltage dependence
becomes important.
C. Switching dynamics at finite temperature
Finally, we consider the switching process at finite tem-
perature. Now our simulation cell needs to be largely in-
creased in order to account for the temperature-induced
non-collinearity. In this case we simulate a 32×32×4 spin
slab corresponding to a lateral dimension of 9.2 nm and
still apply periodic boundary conditions in the lateral di-
rections. Ideally one should consider thermal effects on
the current and the STT as well, but here we only con-
sider thermal effects in the ASD through the stochastic
noise term introduced into the effective field in equation
(5). The non-collinearity now requires a further decision
when mapping the STT to the ASD. The ab initio calcu-
lation of the torque is for a fully collinear free layer but
non-collinearity in ASD is required to achieve a thermal
spin distribution. One can then decide to use the angle of
the total magnetisation or that of each individual spin in
order to determine the torque. The effects of this choice
will be discussed in what follows. Note that, in princi-
ple, one can still calculate the torques from ab initio for
a non-collinear situation. In fact, one can even calculate
the torques at each time step in the ASD, as it is done for
instance for the forces in ab initio molecular dynamics.
This is, however, not practical here since the transport
calculations, in particular at finite bias, are much more
demanding than the ASD ones.
Figure 7 shows the inverse average switching time at
different temperatures for (a) k = 0.1 meV and (b)
0.5 meV. The filled symbols show results obtained by us-
ing the angle of the total magnetisation to calculate the
STT, while the open ones use the individual spin angle.
From the figure we observe that results obtained with the
different angle methods are almost indistinguishable from
each other except in (b) at 300 K. Here the switching
time is averaged over 24 independent simulations since
it is a stochastic process. This may lead to an equiva-
lence of methods, since whilst these are fundamentally
different the average switching time may be similar.
Different anisotropies present us two different situa-
tions. In Fig. 7(a) the inverse relaxation time is linear
with the voltage since the critical voltage is within the lin-
ear regime, while in Fig. 7(b) it is non-linear. In general,
however, for both anisotropy values increasing the tem-
perature reduces the switching time and also the critical
voltage. Within a micro-magnetic picture this behaviour
is reproduced by introducing temperature dependent pa-
rameters, namely the anisotropy, the damping and the
magnetic moment. These reduced parameters then lead
to a reduction in the critical switching voltage. Callen-
Callen theory21 predicts that at finite temperature the
macroscopic uniaxial anisotropy constant, Ku, scales as
Ku(T )/Ku(0) = [M(T )/M(0)]
3. From our simulations
we find that at 100 K and 300 K the average magnetisa-
tion is approximately 0.94 and 0.80 respectively. This
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FIG. 7. Inverse switching time with (a) k = 0.1 meV and (b)
0.5 meV at T = 0 K (solid blue line), 100 K (orange circles)
and 300 K (green triangles). Filled and open symbols rep-
resent simulations run by using the angle calculated for the
total magnetisation or for each individual spin, respectively.
The dashed lines indicate the inverse reversal time at T = 0 K
using a scaled anisotropy constant.
returns us expected anisotropy constants of Ku(100) ≈
0.83Ku(0) and Ku(300) ≈ 0.51Ku(0). The dashed lines
in figure 7, therefore show the inverse switching time at
0 K obtained by using these scaled anisotropy values. As
we can see in panel (b) the zero-temperature dynamics
computed using these scaled constants agree well with
the average switching time obtained at finite tempera-
ture despite the lack of thermal fluctuations. The same
is not true for the lower anisotropy case of Fig. 7(a). Here
there is agreement only at higher voltages for 100 K, while
at 300 K the zero-temperature switching times at the re-
scaled anisotropies are constantly longer than those ob-
tained with the finite-temperature dynamics. This has to
be attributed to the actual thermal fluctuations, which
are more pronounced for a lower anisotropy and cause
the switching to occur faster.
IV. CONCLUSION
To summarise, we have developed a multi-scale
modelling methodology combining ab initio calcula-
tions of the spin-transfer torque and large-scale finite-
temperature spin dynamics simulations. Using the
Smeagol code, both the STT and the STTk have been
computed for various applied voltages and angles of mis-
alignment between the fixed and free magnetic layer in a
nano-scopic junction. This is then mapped onto an atom-
istic spin dynamics model, which is used to calculate the
switching times with and without thermal effects. We
apply this methodology to a prototype MTJ based on
Co/MgO, where we find that the STT is strongly local-
ized on the Co atoms at the MgO interface and that the
STT is linear at low voltages. In contrast above 1.4 V
there is a sharp increase in the total current driven by the
minority spin component. Such current density increase
leads to a sharp enhancement of the in-plane torque and
in a reduction of the out-of-plane one.
The ab initio calculated torques are then mapped onto
the spin dynamics with different mapping types being
analysed. A full interpolation of the ab initio data set
is preferred but using the Slonczewski angular form to-
gether with the ab initio voltage dependence extracted
at a fixed angle performs equally well over a wide range
of parameters. Due to the linear nature of the STT at
low bias the 0 V linear response (torkance) is a suitable
replacement. At finite temperature the picture described
above does not change drastically, except for the fact
that the thermal fluctuations reduce the critical volt-
age required for switching. Thus, we have demonstrated
that our multi-scale construction offers a viable approach
for the characterisation and ultimately design of current-
driven magnetic devices.
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